Abstract Treatment of Syrian hamsters on the day of birth with the prototypical endocrine disruptor and synthetic estrogen, diethylstilbestrol (DES), leads to 100% occurrence of uterine hyperplasia/dysplasia in adulthood, a large proportion of which progress to neoplasia (endometrial adenocarcinoma). Consistent with our prior gene expression analyses at the mRNA and protein levels, we now report (based on microarray, real-time polymerase chain reaction, and in situ hybridization analyses) that progression of the neonatal DES-induced dysplasia/neoplasia phenomenon in the hamster uterus also includes a spectrum of microRNA expression alterations (at both the whole-organ and cell-specific level) that differ during the initiation (upregulated miR-21, 200a, 200b, 200c, 29a, 29b, 429, 141; downregulated miR-181a) and promotion (downregulated miR133a) stages of the phenomenon. The biological processes targeted by those differentially expressed miRNAs include pathways in cancer and adherens junction, plus regulation of the cell cycle, apoptosis, and miRNA functions, all of which are consistent with our model system phenotype. These findings underscore the need for continued efforts to identify and assess both the classical genetic and the more recently recognized epigenetic mechanisms that truly drive this and other endocrine disruption phenomena.
Introduction Diethylstilbestrol (DES), a potent synthetic estrogen and the prototypical endocrine disruptor, was prescribed to pregnant women beginning in the 1940s in the mistaken belief that it would prevent miscarriages in both high-risk and normal pregnancies (Palmlund, 1996) . It was withdrawn from the clinical scene in the 1970s after the first published evidence of vaginal clear cell adenocarcinoma in a group of young women who were exposed to DES in utero (Herbst et al., 1971) . Subsequently, numerous clinical and laboratory studies established that inappropriate exposure to DES and other endocrine-disrupting chemicals during the prenatal/neonatal period causes disruption of normal reproductive tract development and neoplasia (Ma, 2009 , Marselos and Tomatis, 1992 , Marselos and Tomatis, 1993 , Reed and Fenton, 2013 .
Our lab developed a model system based on the Syrian golden hamster, Mesocricetus auratus, to study endocrine disruption induced by neonatal exposure to DES and other agents (Hendry et al., 2002) . Since the gestation period in hamsters is very predictable and short (16 days) compared to other rodents (18 to 21 days), treating them as neonates still targets the very early stages of reproductive tract development (Hendry et al., 1999) . The Syrian hamster uterus is also particularly susceptible to the development of hyperplastic, dysplastic, and neoplastic lesions as a result of perinatal or neonatal DES exposure (Rustia and Shubik, 1979) . Indeed, we determined that such lesions are due to the fact that neonatal DES exposure directly and permanently disrupts early development of the hamster uterus (initiation stage) such that it responds abnormally later in life (promotion stage) to estrogenic stimulation (Alwis et al., 2011 , Hendry et al., 1999 , Hendry and Leavitt, 1993 , Hendry et al., 2002 , Leavitt et al., 1982 .
To probe the molecular elements involved in that teratogenic/neoplastic phenomenon, we first profiled the differential expression of genes at the mRNA and protein levels (Hendry et al., 2014) . As expected, we detected differences in gene expression patterns at both the mRNA and protein levels that were distinct in the early initiation and later promotion stages of the neonatal DES-induced uterine disruption phenomenon. However, we also detected a large number of gene expression alterations at both stages that were not consistent between the mRNA and protein levels. The latter observation led us to hypothesize that alterations in microRNA (miRNA) expression might be part of the process by which neonatal DES exposure induces estrogen-dependent dysplasia/neoplasia in the hamster uterus. Indeed, the results of our analyses here at both the whole-organ and tissue/cell-specific level do indicate that a range of miRNA genes are differentially expressed at both the initiation and promotion stages of this phenomenon.
Materials and methods

General animal information
Animals were maintained and treated in an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited facility as authorized by the Wichita State University Institutional Animal Care and Use Committee (IACUC). All procedures including neonatal treatment, anesthesia, ovariectomy, chronic estrogen stimulation, sacrificing, and tissue collections followed IACUC-approved and established protocols (Alwis et al., 2011 , Hendry et al., 2014 , Hendry et al., 2002 . In all cases, tissue collections were performed at mid-day.
Neonatal animal treatment
Timed pregnant Syrian golden hamsters (M. auratus) from Charles River Breeding Laboratories (Wilmington, MA) or Harlan Sprague Dawley, Inc. (Indianapolis, IN), were caged singly under a 14-h light/10-h dark photoperiod at 23-25°C with laboratory chow and water provided ad libitum. The chow was a 2:1 mixture of #5001 rodent diet and #5015 mouse diet from LabDiet (PMI Nutrition Int., Brentwood, MO). Within 6 h of birth (day 0), litter size was adjusted to eight neonates/ litter by eliminating males and all animals in the litter were treated with a single s.c. injection of 50 μl corn oil vehicle either alone (control, CON) or containing 100 μg of DES. As acknowledged previously (Hendry et al., 2002) , that dose level is high but not unreasonable considering that DES ingestion levels by women were as much as 150 mg daily and 18.2 g total during their pregnancy (Herbst et al., 1979) , with the median total dose being 10.7 g (Anderson, 2004) . It is also the dose level we previously used to establish, assess, and compare neonatal DES-induced disruption at the morphological and molecular levels in various regions of both the hamster female and male reproductive tracts (Alwis et al., 2011 , Hendry et al., 2014 , Hendry et al., 2002 , Hendry et al., 2006 , Karri et al., 2004 .
Prepubertal procedures
On day 21 of life (~7 days prior to puberty), groups of control and neonatally DES-treated animals were bilaterally ovariectomized and began chronic estrogen stimulation by the s.c. insertion (between the shoulder blades) of a plugged Silastic (Dow Corning Corp., Midland, MI) tube (open lumen length, 1.0 cm; inner diameter, 1.57 mm; outer diameter, 2.41 mm) filled with crystalline estradiol-17β (E2). As established in previous studies (Alwis et al., 2011 , Hendry et al., 2002 , that protocol maintains serum E2 levels at~200 pg/ml out to at least 5 months of age.
Observational staging
For the initiation stage (IS) samples, uteri were harvested from 5-day-old intact animals. For the promotion stage (PS) samples, uteri were harvested from 2-month-old animals that underwent the prepubertal ovariectomy and estrogen replacement procedure (OVEX + E2) described above. Regarding these timepoint and treatment conditions, (1) they are based on extensive analyses of how neonatal DES-induced disruption progresses throughout the female hamster reproductive tract, and (2) they proved that the neonatal DES treatment protocol directly and permanently alters the developing hamster uterus (initiating event) such that it responds abnormally later in life (promoting event) to estrogen stimulation (Alwis et al., 2011 , Hendry et al., 1999 , Hendry et al., 2014 , Hendry et al., 2002 .
Tissue harvesting and processing
To harvest tissues for both IS and PS samples, animals were anesthetized/asphyxiated with CO 2 , killed by decapitation, and excised horns were carefully trimmed under a dissecting microscope. Note that the treatment (CON, DES) and stage (IS, PS) groups stipulated above and below each consisted of uterine tissue samples harvested from non-litter-mate animals. For preparation of total RNA extracts (see below for further details), pools of whole uteri from IS animals and individual mid-uterine-horn segments from PS animals were immediately snap frozen on dry ice and cryostored at −80°C. For histological processing, mid-uterine-horn segments from both IS and PS groups of animals (derived from different individuals but from the same litter treatment groups used for the preparation of total RNA extracts) were immediately placed in fixative (4% paraformaldehyde in Dulbecco phosphate-buffered saline [PBS] , pH 7.2) followed by two changes (24 h each) of fresh fixative, stored in 70% ethanol, and ultimately embedded in paraffin (the block for IS samples contained 5 control and 5 DES-exposed uterine segments and the block for PS samples contained 5 control and 3 DES-exposed tissues) so as to generate transverse (cross) sections.
Total tissue RNA isolation
Total RNA populations from the IS and PS groups of uterine tissue samples were isolated using the Qiagen miRNeasy Mini kit (Qiagen Sample and Assay Technologies, Valencia, CA) that recommends a total input per preparation of~50 mg tissue mass. Thus, because we consistently observe in 5-day-old animals that total tissue mass of the hypertrophic uteri from DESexposed animals are~3× that of those from CON animals, the IS groups of tissue samples consisted of three pools of whole uteri that each contained 7 uteri from CON animals (34-43 mg tissue/pool) and 3 uteri from DES-exposed animals (45-52 mg tissue/pool). Also consistent with the kit input recommendation, the PS groups of tissue samples consisted of individual mid-uterine-horn segments (26-35 mg) from 3 CON and 3 DES-exposed animals.
Those groups of triplicate total uterine RNA populations were used for the Global miRNA Profiling and the Real-Time Polymerase Chain Reaction Assays described below. Quality control criteria for the isolated RNA samples included assessing the presence of 28S and 18S bands in a 1% agarose gel and a A260/280 ratio between 1.9-2.1 as recommended in the miRNeasy kit protocol. Integrity of the RNA samples was also analyzed using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). The RNA integrity number (RIN) for the total RNA samples used in the current study ranged from 7.2 to 10.0 as required in the microarray protocol.
Global miRNA profiling
Consistent with other studies that evaluated miRNA expression levels in cancer vs. normal cells (Lu et al., 2005 , Lee et al., 2007 , Volinia et al., 2006 , Murakami et al., 2006 , we used a high-throughput microarray analysis platform and analysis system (Thermo Scientific Dharmacon RNAi Discovery and Therapeutic Services) to screen global miRNA expression levels. The profiling consisted of two-color, highdensity, 8-plex chips with probes able to capture all human, mouse, and rat mature miRNAs in the Sanger database. The resulting data then underwent the following statistical analysis. As noted above, each treatment factor analysis relied on triplicate total RNA samples prepared from control (C) and DES (D)-exposed uterine tissues from both the IS and PS groups of animals. The relative intensity data was measured and statistically filtered. This resulted in detecting 645 miRNAs in the IS set and 635 miRNAs in the PS set. This data was annotated, normalized, and the log (2) ratio between the C and D groups was determined. Differential expression analysis was performed using textbook analysis of variance (ANOVA) with false discovery rate (FDR) multiple test correction which reports P* values. The result was formatted into linear transformed values that show changes with a P* value cutoff of 0.05.
Real-time quantitative polymerase chain reaction assays
We conducted TaqMan real-time quantitative polymerase chain reaction (RT-qPCR) miRNA assays (Applied Biosystems, Foster City, CA) to validate those miRNAs with fold changes ≥2 and statistically significant (p < 0.05) differential expression in uterine RNA from neonatally DES-treated animals compared to control animals in both the IS and PS groups of samples, respectively. The procedure utilized a StepOne Plus Real Time PCR machine (Applied Biosystems, Foster City, CA). TaqMan miRNA assays were performed by following the manufacturer's protocol.
Triplicate reactions were performed for each cDNA sample prepared from a total RNA preparation extracted from the control or DES-exposed uteri harvested from either the IS or PS groups of animals. As described above, each treatment group has three biological replicates. The PCR reaction was performed with an initial heating at 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min to obtain the amplification curve and C T value. The fluorescent threshold was automatically set by the StepOne software and the comparative C T (ΔΔC T ) method was used to determine fold change in gene expression levels. Each assay generated a C T value for the miRNA of interest that was normalized to the endogenous control, small nucleolar ( T where the RQ of the calibrator was set to 1. Statistical significance was measured using Student t test with a cut off limit of P < 0.05.
Histology and in situ hybridization
Uterine tube cross sections (4.5 μm) were deparaffinized in xylene and then rehydrated. For histology, sections underwent standard hematoxylin and eosin (H&E) staining. For in situ hybridization (ISH), sections were analyzed according to a protocol developed and optimized using a commercial kit (Exiqon miRCURY LNA microRNA ISH Optimization FFPE kit). It utilized double digoxigenin (DIG)-labeled locked nucleic acid (LNA) probes at 100 nm for the hybridization step. Detection of specific hybridization signals used an anti-DIG:alkaline phosphatase/4-nitro blue tetrazolium and 5-bromo-4-chloro-3′-indolephosphate (NBT-BCIP) system that deposits a dark blue reaction product. Note that the precise capillary gap provided by the ProbeOn Plus™ (Fisher Scientific, Waltham, MA) microscope slides used allowed us to simultaneously conduct all the above probing and detection steps on a face-to-face pair of slides (one with all the IS stage tissue sections [5 control and 5 DES-exposed] and the other one with all the PS stage tissue sections [5 control and 3 DES-exposed]) for a given anti-miRNA probe. Then, prior to adding coverslips, the pair of slides/sections received fast red nuclear counterstain that generates a light pink-colored product. All photomicrographs were captured using a Nikon Eclipse E800 microscope fitted with CFI Plan Apochromat objectives and a Nikon Digital/DSFi1 color camera linked to a NIS-Elements image analysis system. For all the results presented in Figs. 3, 4, 5, 6, 7, 8, 9, 10, 11 , and 12, photomicrographs were taken at ×20 magnification and scale bars represent 100 μm. Note that, for all the ISH results presented in Figs. 4, 5, 6, 7, 8, 9, 10, 11, and 12 , staining patterns were consistent among all the sections included for a given treatment (CON and DES) and stage (IS and PS) group.
Bioinformatics methods
The list of upregulated miRNA initiation stage genes was uploaded into the online Diana Tools MirPath v.3 tool. The human TarBase database was chosen and the pathways union option was used with default settings. The heatmap was selected and downloaded from there. GO analysis was done using the Gene Ontology Consortium web page tool. The union of all the TarBase gene targets from the upregulated miRNA initiation stage genes was downloaded, copied, and pasted into the Gene Ontology Consortium web page with human biological processes chosen. On the list of GO terms generated from that search, we focused on those with greater than threefold enrichment.
Results
MiRNA profiling and statistical analysis
Good quality total RNA preparations from triplicate groups of control and neonatally DES-exposed uteri from both IS and PS animals were used for global miRNA profiling conducted by Thermo Scientific Dharmacon RDTS as described above. Analysis of that microarray profiling data (Supplementary Tables 1 and  2 ) indicated that, in the IS samples, the expression of eight miRNAs (miR-21, miR-200a, miR-200b, miR200c, miR-29a, miR-29b, miR-429 , and miR-141) was changed more than two-fold and significantly upregulated while only one miRNA (miR-181a) had a significantly downregulated fold change greater than 2 in the samples from DES-exposed compared to control uteri. In the PS samples, we found only one miRNA (miR133a) with a significantly downregulated fold change greater than 2 in the samples from DES-exposed compared to control uteri. Consistent with the approach introduced above, descriptions of results for the following analyses will refer to upregulated (UR) or downregulated (DR) effects in DES-exposed (D or DES) vs. control (C or CON) groups.
Validation by TaqMan RT-qPCR assay TaqMan RT-qPCR was used to validate the above differentially expressed miRNAs that showed at least a 2-fold change in gene expression (Fig. 1) . The TaqMan assays did confirm the direction of differential expression for all ten miRNAs but the degree of differential expression for three of them (29a, 29b, 181a) did vary considerably in the microarray vs. TaqMan assay results (Fig. 2) . However, for all three of those miRNAs, the TaqMan assays indicated more dramatic expression differences than indicated by the microarray assays.
Histology and miRNA in situ hybridization
Representative histomorphology of the uteri used for this study is presented in Fig. 3 and the stage-specific morphological disruption effects shown there and in the following ISH analyses figures are consistent with those defined previously (Alwis et al., 2011 , Hendry et al., 1999 , Hendry et al., 2014 , Hendry et al., 2002 . The results of most of our ISH analyses confirmed the patterns of altered miRNA expression detected at the whole-organ extract level (Figs. 1 and  2 ). Those distinctive patterns at the tissue and cellspecific level are summarized below.
We observed uniformly pink-counterstained nuclei and a lack of blue reaction product in all tissue sections (Fig. 4) incubated with the scrambled negative control probe (SC). In contrast, the U6 small nuclear RNApositive control probe (Fig. 5 ) generated the expected strong and nuclear-specific reaction product (blue) in all tissue sections.
For miR-21 (Fig. 6), 200b (Fig. 7) , and 429 (Fig. 8) , we observed cytoplasmic and mostly epithelial cell staining localization that was UR in IS but not PS uteri. Also note that the staining pattern shown for miR-200b in Fig. 7 was similarly observed for another two family members (miR-200a, c; not shown).
We observed distinct nuclear staining that was similarly UR in both epithelial and stromal cell compartments of IS uteri for miR-29a (Fig. 9) . However, in PS uteri, overall nuclear staining levels were similar in both CON and DES-exposed groups but appeared less uniform in the stromal cell compartment of the DESexposed than the CON group.
For miR-141 (Fig. 10) , another miR-200 family member (Feng et al., 2014, Korpal and Kang, 2008) , we observed distinct nuclear staining of equivalent intensity in both epithelial and stromal cell compartments. Furthermore, overall intensity of that nuclear-specific staining pattern was UR in IS but not PS uteri.
For miR-181a (Fig. 11) , we observed cytoplasmic staining in both epithelial and stromal cell compartments. Also, overall intensity of that cytoplasmicspecific staining pattern was DR in IS but not PS uteri.
For miR-133a (Fig. 12) , the distinctive cell and tissue-specific staining pattern consisted of mostly nuclear signal that was as follows: (1) DR in the epithelial cell compartment but UR in the stromal cell compartment of IS uteri and (2) DR in both the epithelial and stromal cell compartments of PS uteri. Consequently, the overall signal levels matched that analyzed at the whole-organ level (DR only in PS uteri). Lastly, the miR-29b probe did not generate a positive signal in any tissue section (not shown). This is likely due to the fact that the absolute expression levels of miR-29b according to TaqMan assays were very low in both the CON and DES-exposed groups of IS uteri.
Diana tools MirPath v.3
We investigated the collective pathways of the differentially expressed miRNA's targets using DianaTools MirPath v.3 with the Tarbase list of validated gene targets and the Gene Ontology (GO) Consortium enrichment tool. As shown in the heatmap (Fig. 13) , the IS/UR miRNAs' target genes function in the Kyoto encyclopedia of genes and genomes (KEGG) pathways that are involved in signaling and cancer. The two pathways in common with all those miRNAs are pathways in cancer and adherens junction, both of which are highly relevant to the uterine hypertrophy and cancer predisposition phenotype of our model system. We investigated the most enriched GO terms of the TarBasevalidated targets (Supplementary Table 3 ). Those GO terms primarily involve regulation of the cell cycle, apoptosis, and miRNA function; all of which are consistent with both the KEGG pathways noted above and our model system phenotype. The validated gene targets of the IS/DR miRNA (miR-181a) also include signaling and cancer pathways as well as miRNA regulation GO Terms. It is important to note that those targets/pathways are highly conserved between rodents and humans. Lastly, targets of the PS differentially expressed miRNA (miR-133a) did not include any enriched pathways in MirPath3. However, consistent with our finding that miR-133a was DR in PS uteri, another study implicated it as a tumor suppressor in endometrial cancer (Yamamoto et al., 2015) .
Discussion
Using specific and sensitive miRNA microarray, TaqMan, and ISH assays, the current study complements our previous assessments (Hendry et al., 1999 , Hendry et al., 2014 , Hendry et al., 2006 , Karri et al., 2004 , Alwis et al., 2011 of mRNA and protein expression showing that neonatal exposure to the synthetic estrogen DES involves a spectrum of gene expression alterations at multiple levels. For instance, the number of miRNAs found to be differentially expressed at the two stages was quite different. Furthermore, our TaqMan assays validated the microarray results and they are considered more sensitive and more specific than microarray analyses because microarrays tend to produce greater background fluorescence intensity levels and they exhibit detection limits at both the upper and lower range levels for a given target sequence (Schmittgen et al., 2008 , Schmittgen et al., 2004 . Importantly, our ISH analyses further confirmed most of those microarray and TaqMan assay results. Fig. 1 Relative expression of miRNAs detected using the TaqMan assay. The X axis represents miRNAs that had twofold differential expression in control (CON) compared to neonatally DES-exposed (DES) uteri from initiation (I) or promotion (P) stage animals. For this analysis and that described for and neonatally DES-exposed (right panels) uteri from both initiation stage (IS; upper two panels) and promotion stage (PS; lower two panels) animals (also note that the same panel labeling system is used for Figs. 4, 5, 6, 7, 8, 9, 10, 11, and 12) . Indicated are the endometrial epithelial (E), stromal (S), and myometrial (M) tissue compartments plus glandular cysts (Cy). In IS animals, DES-exposed uteri are considerably larger, their luminal epithelium is more folded but does not yet form true glands, and their luminal epithelial cells are much taller (hypertrophy) compared to CON uteri. In PS animals, cystic glandular structures develop in all uteri (shown here only in the CON/PS uterus) but the DES-exposed uteri remain much larger (not shown here) and they are more hypertrophic and exhibit more severely disrupted histomorphology compared to control uteri. Specifically, the luminal and glandular epithelium in DES-exposed PS uteri are markedly hyperplastic to dysplastic because the cells are extremely tall, disorganized, overcrowded, and poorly demarcated from the underlying stroma. Furthermore, that epithelium appears Bfoamy^because it is riddled with infiltrating leukocytes and cavities that contain degenerating, apoptotic cells (some examples indicated by asterisk) Scale bars in each panel here and in the following micrographs for Figs. 4, 5, 6, 7, 8, 9, 10, 11, and Figs. 5, 6, 7, 8, 9, 10, 11, and 12) are representative results for cross sections of control (CON) or neonatally DES-exposed uteri from IS and PS animals following ISH processing with the indicated RNA probe and then staining with fast red nuclear counterstain. After incubation with the scrambled negative control probe (SC), note here the uniformly pink-counterstained nuclei and lack of blue reaction product in all four tissue sections They also revealed some distinctive target localization patterns at the tissue and cell-specific levels. However, interpretation of those patterns is difficult because localization information regarding many miRNAs is currently limited. For instance, our literature search failed to uncover any reports regarding the intracellular localization of miR-429 or miR-29a. For miR-21 that we found to be cytoplasmically localized, one study also reported its localization as cytoplasmic in lung cancer cells (Stenvold et al., 2014) but another one reported it as predominantly nuclear in pancreatic cancer cells (Dillhoff et al., 2008) . For all three miR-200a, b, c family members that we also found to be cytoplasmically localized, another study reported them as nuclear localized in ovarian cancer cells (Cao et al., 2014) . For miR-141 that we found to be nuclear localized, another study reported its localization in both the cytoplasm and nucleus of hepatocellular cancer and adjacent Shown is cytoplasmic staining of epithelial cells that is stronger in the DESexposed than the CON uterus from IS animals but not in those from PS animals noncancerous cells . For miR-181a that we found to be cytoplasmically localized, another study reported the same intracellular localization pattern in colon cancer cells (Ji et al., 2014) . For miR-133a, our detection of nuclear localization contrasts with other studies that reported its cytoplasmic localization in breast cancer (Wu et al., 2012) and bladder epithelial cells (Jia et al., 2013) . Indeed, these observations buttress the emerging view that the localization and thus actions of specific miRNAs vary at multiple levels (cell/tissue type and intra/extracellular) (Leung, 2015) . Of the 43 elements found significantly UR in IS uteri, the difference for 8 of them-miR-21, miR-200 family (miR-141, miR-200a, miR-200b, miR-200c , and miR-429), miR-29a, and miR-29b-was more than twofold. Of the 32 elements found significantly DR in IS uteri, only for miR-181a was the difference more than twofold. Though 29 miRNAs were significantly UR in PS Shown is cytoplasmic staining of epithelial cells that is stronger in the DESexposed than CON uterus from IS animals but not in those from PS animals uteri, none of them reached the two-fold difference level and only miR-133a was twofold DR. This was unexpected based on the extensive degree of histopathology plus the spectrum of mRNA and protein expression alterations we observed in PS uteri (Alwis et al., 2011 , Hendry et al., 2014 , Hendry et al., 2002 . However, the role(s) of individual miRNAs at all levels/aspects of carcinogenesis (basic biology, diagnosis, prognosis, therapy) resist(s) simple generalizations (Svoronos et al., 2016) . That is exemplified by the following considerations of those miRNAs found differentially expressed in our experimental uterine dysplasia/ neoplasia system. The miR-21 gene is a multifaceted miRNA that acts as an oncogene by inhibiting various mRNAs that code for tumor suppressor proteins and it is UR in many cancers (Krichevsky and Gabriely, 2009) . Expression profiling of 540 human samples representing 363 solid IS PS CON DES miR-29a Fig. 9 miR-29a ISH. Shown is nuclear staining of both epithelial and stromal cells that is stronger in the DES-exposed than the CON uterus from IS animals but not in those from PS animals. Also, staining is less uniform in the stromal cell compartment of DES-exposed than CON uteri of PS animals 
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Fig. 12 miR-133a ISH. Shown is mostly nuclear staining in both epithelial and stromal cell compartments. That staining is stronger in stromal cells but less strong in epithelial cells of the DES-exposed than the CON uterus from IS animals. However, it is less strong in both cell compartments of the DESexposed than the CON uterus from PS animals
were UR in our model system. For the miR-29a gene, there is a report that it negatively regulates tristetraprolin (TTP), a protein that degrades mRNAs with AU-rich 3′-untranslated regions (UTRs), and that its over expression led to increased epithelial-mesenchymal transition (EMT) and metastasis (Gebeshuber et al., 2009) . However, it is not clear how that finding relates to the observations reported here regarding overall miR-29a expression levels and its mostly nuclear localization in our experimental system. The miR-200 family includes miR-200a/b/c, miR-429, and miR-141 that are located in two gene clusters (Korpal and Kang, 2008) . These family members are deregulated in several cancers (Feng et al., 2014) and, because they are UR in some (Snowdon et al., 2011 , Yu et al., 2010 , Cao et al., 2014 and DR in others (Paterson et al., 2013 , Cong et al., 2013 , Saydam et al., 2009 , their role in tumorigenesis appears to be pleiotropic. The expression of miR-200 family members is directly correlated with the ability of tumor cells to metastasize by regulating expression of the transcription factors zinc finger E-box binding homeobox (ZEB)1 and ZEB2 (the latter was DR at the mRNA level in IS uteri (Hendry et al., 2014) that are involved in EMT (Peter, 2009, Cano and Nieto, 2008) . Also relevant to this topic, they are generally thought to maintain E-cadherin expression in epithelial cells (Burk et al., 2008 , Korpal and Kang, 2008 , Park et al., 2008 and thereby counter epithelial cancer invasion and metastasis , Thiery et al., 2009 in general and endometrial carcinosarcoma in particular (Castilla et al., 2011) . However, altered expression of E-cadherin, both UR and DR, is linked to various stages of carcinogenesis (Rodriguez et al., 2012) . Indeed, we detected UR of all five miR-200 family members only in IS uteri plus we detected UR of E-cadherin expression at the protein level only in PS uteri (Hendry et al., 2014) . Furthermore, in both IS and PS uteri, we detected no change in expression of vimentin (Hendry et al., 2014) , a recognized mesenchymal cell/tissue marker protein (Rodriguez et al., 2012) . Lastly, the observed localization pattern in both IS and PS uteri differed among the miRNA family members (cytoplasmic in epithelial cells for miR-200a, b, c and miR-429; but nuclear in epithelial and stromal cells for miR-141). Clearly then, the mechanistic linkage between miR-200 family expression and EMT dynamics in our experimental system deserves further investigation.
Deregulated expression of miR-181a is found in many cancers (Wei et al., 2014 , Pichler et al., 2014 . However, like other miRNAs, its role remains unclear because it is inconsistently regulated in different cancer types. For instance, it has a tumor-suppressive effect in oral squamous cell carcinoma by inhibiting the K-ras oncogene (Shin et al., 2011) . On the other hand, it acts as an oncogenic miRNA by negatively regulating the tumor suppressor PTEN and increasing lactate production and cell proliferation in human colon cancer (Wei et al., 2014) . It also contributes to ovarian cancer progression by inducing invasiveness via EMT (Parikh et al., 2014) . A recent study on the role of miR-181a in endometrial carcinogenesis showed that it directly targets progesterone receptor (PR) expression (Panda et al., 2012) . Our findings regarding altered expression of PR (Hendry et al., 2014) and miR-181a (present study) during progression of the neonatal DES-induced dysplasia/ neoplasia phenomenon in the hamster uterus do not fit simply with that study. More specifically, in IS uteri, we did detect UR of PR (Hendry et al., 2014) and DR of miR-181a expression (present study) but, in PS uteri, we detected DR of PR (Hendry et al., 2014 ) without a significant change in miR-181a expression (present study). It is also noteworthy that, while the tissuespecific PR immunostaining pattern differed among the uterine groups (consistently nuclear but present: (1) only in epithelial cells of CON/IS uteri, (2) in both epithelial and stromal cells of DES/IS and CON/PS uteri, and (3) only in stromal cells of DES/PS uteri) (Hendry et al., 2014) , the tissue-specific miR-181a ISH staining pattern did not differ (cytoplasmic in both epithelial and stromal cells of all four uterine groups [present study]). Thus, the mechanistic linkage between PR and miR-181a expression in our experimental system is neither clear nor simple. Also contributing to the complexity of endocrine:miRNA dynamics is the evidence that (1) PR and estrogen receptor α (ERα) play reciprocal roles in the regulation of miRNA expression in cancers (Cochrane et al., 2011) and (2) estradiol, ERα, and progesterone regulate miRNA biogenesis by both inducing and repressing various intermediate stages of the miRNA transcript maturation process (Faggad et al., 2010 , Cheng et al., 2009 , Grelier et al., 2009 , Nothnick et al., 2010 .
MiR-133a is a tumor suppressor miRNA that targets a number of factors in various cancer types including the epidermal growth factor receptor (EGFR)/Akt pathway in breast cancer , insulin-like growth factor 1 receptor (IGF1R) in ovarian cancer (Guo et al., 2014) , and Fascin-1 in colorectal (Zheng et al., 2015) and pancreatic cancer (Qin et al., 2013) . It also influences metastasis and cell proliferation in colorectal cancer by targeting the LIM and SH3 protein 1 (LASP1) proteins and it suppresses the phosphorylation of proteins in the mitogen-activated protein kinase (MAPK) pathway . While our observation of DR miR-133a expression in PS uteri is consistent with the above reports, our observation of miRNAlocalization in the hamster uterus (nuclear) contrasts with that reported in other tissues (cytoplasmic) (Jia et al., 2013 , Wu et al., 2012 . Thus, this is another case where the full mechanistic roles and consequences of our current findings deserve further investigation. Indeed, the role of miRNAs in endometrial cancer is receiving enhanced attention at both the experimental and clinical level but a consensus expression signature is not yet available (Li et al., 2015) .
As indicated above in section 3.4 and acknowledged elsewhere, several methods are available to predict and validate the specific interactions between a given miRNA and its corresponding mRNA target (Thomson et al., 2011, Vlachos and Hatzigeorgiou, 2013) . However, they can produce very different outcomes because the relevant algorithms differ in sensitivity and precision (Alexiou et al., 2009 , Liu et al., 2012a , Peterson et al., 2014 . Also, the fact that a single miRNA can target hundreds of specific mRNAs (Lewis et al., 2003, Kim and Nam, 2006) vastly complicates the determination of their function at the in vivo level (Vidigal and Ventura, 2015) . For all these reasons, the exact mechanistic implications of the observations reported here are not yet clear. Fortunately, novel and improved means to identify and validate miRNA targets are now emerging (Imig et al., 2015 , Xie et al., 2015 .
Summary and Conclusions
Consistent with our prior results from gene expression analyses at the mRNA and protein levels (Hendry et al., 2014 , Hendry et al., 2002 , progression of the neonatal DES-induced dysplasia/ neoplasia phenomenon in the hamster uterus also includes a spectrum of miRNA expression alterations that differ during the initiation 200a, 200b, 200c, 29a, 29b, 429, 141 ; DR of miR-181a) vs. promotion (DR of miR-133a) stages of the phenomenon. Not surprisingly, the cellular/ molecular processes that are most consistently linked with that disruption phenomenon include EMT dynamics, cell cycle control, and apoptosis. It is also important to note that those linkages among fundamental regulatory pathways strengthen the value of network biology-based study approaches to improve cancer diagnosis, prognosis, and therapy (Bracken et al., 2016) . As such, all these findings underscore the need for continued efforts to unravel both the classical genetic and the more recently recognized epigenetic mechanisms that truly drive this and other endocrine disruption phenomena. Also along those lines, an emerging paradigm involves the presence of tumor-derived miRNAs in the blood that were recently discovered and proposed as promising new diagnostic and prognostic markers for human cancers (Aleckovic and Kang, 2015 , Braicu et al., 2015 , D'Angelo et al., 2016 , Mitchell et al., 2008 . In addition, circulationbased mechanisms of transgenerational epigenetic inheritance are now receiving much attention (Sharma, 2015) . In our experimental system, we are now developing strategies to follow up the organ-based assessment of altered miRNA expression with assessments conducted in serum samples from hamsters at various ages following neonatal DES treatment. We feel that such information will provide key new insights into the roles played by these small nucleic acids in the neonatally DESinduced uterine dysplasia/neoplasia phenomenon.
